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BYE*Y; yud,j.n ‘...
,,, r.

. The motionof differentbodiesimimrsedin liquidor gaseous
Media is accompaniedby characteristicsoundwhichis”excitedby
thefa?mmtionof unbtablesurfacesof separationbehindthe body,
USUa~ disintegratingintoa systemof discretevortices(suchas
the Karmanvortexstreetdue to the flow aboutaninftnttelylong
rod, etc.).In the noisefromfans,puqps,and similarmachtnery,
vortexnQif3eI?Yequentlypredominates.

The purposeof this work is to elucidatecertainquestionsof
the dependence’ofthis soundupn the’,aerodynsmicparametersand
the tip speeaof the rotatingrod,sor blades. Althoughscme
materialis givenbelow,insufficientto calculstethe firstrough
approxlmatdonto the solutionof this qus~tion,suchas the mechanics
of vortexformation(notto ~pea.kof the formationof sound),never-
thelesscertainconclusionsmybe foundof practicalapplication
for the reductionof noisefromrotatingblades.

1. THEFTIEQUENC!~SOF’’VORTEXSOUND

The dependenceof the frequenciesof vortexsoundfrcan
cylindricalrods in parallelflow upon theirdiameters,length,
material,and the flow velocitywas first$nvostigatedby
Strouhal(reference1). Ee foundthat the frequencydependsonly “
on the velocityand on the diameter;thereis a nondimensional
P?raqetem(hereafter$xO.ledby his name)whichtakesthe.constant,
value .,,,

.,. ,...”

(Sh)= +’ =o.l@ (1)
$, :, :

,.

where .,, . .,,~ ,,,.,,.,,
b ,. “’‘i+~”,.rm5-qtietiby Tfn,H*zr. . . ,,...: - ..,,, ,, ,.4, ~ . . . ,-.: ,,

,., .,...

.:. .’ ,“’, .’ .’

ho dlsmeterof rod in centimeters

v velocityof flow in centimetersper seconii

*
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FollowingStrouW~;.mny afiveqw~tors:occupie~themselves
with a studyof the frequencyof ,the::~8cilhtion-$foUoti~ in the
wake of a body (seereference2 for a list of references)?It was
feud (refemnce.~}:*t’t~qStrQ*gl,:n~e_~,W?i9$ @Wnguff’3-
cient~,narrowlimits;~rom0.?9 {fg~.bodie~~th re~t$vev s?+
Ien&hs) to 0.20 (forinfinitelylongcylinder),end it is of
ptititieal’ldortance”thatfor rotatingtich+nasyith blades,the
Reynoldsnuulberz%mgestays”.const=t. =-n (~ference 4) deter-.
minedthe,constant(Sh),as0.194thecmetical~. For.wing.p.r@31e~,:
Lehnert(refe,rence5) establishedthat the.Stpoul@n~ber incmeases
somewhatfor decreasingamgl.eof attackand for inc.reasing.Re~’o~dq
nupiber,-‘ ..,”..

,. ,.. .:,.”
The,frequencyspectrumof.thevortex,so&dfrom &tat&rods

was firstdeterminedby Stowelland Deming (~eference6), They
founde@primentallythat eachelementof the ro& yieldedradiatton
witb”the.$reqpencydeterminedby fo~ula ~l)jthat is,that the ,
frequqnc$,,qpectm.qnwascontinuous,a.ndwas withint$e..,l$~ts.cgrye-~
spoi@ing.;~o.the.velo,citiesat,the,%eginni@ and end of the ro@.s.+-
Higher harqonicsin the.vortex sound were-yeakly mjresenteae ;.:

. .;.. . . .,
,.‘.. . . . ;, ,...’,. .,.., ,,,

,.

“2;ON THE oRIG@”QivOmxSOiNII ti’IT&AfMJt3TICALPO~ ‘

.......,.
The testso~:StowellandDem& ‘&how&td’ the directional

characteristicsof vortexsoundcorrespondto thosefroma dipole
withan axis~ralleJ.to the axis of rotation$that is, the amplitude
of the,sound’pressure.p at a point a sufficientdistance r fnom
the dourc.e”,at,,~ang~e,~ with the axiq of rotation,is det&Mn6d
by,thefozm~la”,. . ., ., 1

, .“: . .

~.,.,.
. .. .. ....

,,,’ ,..

“..;.’ ‘?N?”’!lbrws~
,,

,4,.,, . .:.’

where ~ is the &qlitude,of the,,soundpressurb’ata distance r
on .th,eaxis. The testsof”’’E’,~AtiNepomiyashchi (referenc~7)
corroboratedthisfact,

Rayleigh(reference8) turnedattentionto the fact thatduriqg
the flow of air pastELwire,oscillationsare generatedin adirec-,
tionperpendicularto the directionof flow. This oircumstance~m
well ae the characterof the rad$ation~..pbugesus .to,suppopethat
the originof vcmte~soundllae in variab16’”lforcesactingon the

.,.. : “’ ‘~..; ..? .. . . . ;
“,-....~$’. ,, . ... . . -,
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m=-. ,..rnediqrgd.urfngthe,,f,l~w,mst a boW-Sx .The q.0~,appearsonly~th
th~ generation of fo”rtices..Atialree,&y”
cannotbe th~gln of sQunr$because:

(a)The,fieldof flowabout a vortexstreetsatisfiesLaplace’s/
equation,but not the wave equation.

(b)The vortexstreetdoesnot radiateaccms{icalener~; its
oscillationsin velocityanflpressureare “wattless”and are ven ~
quick~ydamped~reciselyinthe directionof the greatestsound
radiation.

(c)If a part of the vortexstreetis isolated%y a closed
curvemovingwith the inducedvelocity,then the flow of energy J
acrossthis closedcurvewillbe equalto zeroand consequently
the vortexstreetcamot radiatesoundenergy.

(d)A vortexbreakin~away froma.body in an idealfluiddoes Afa!
not have any further.effectupon the medium. This appliesnot only fi};;;:;I+~
to vorticesoriginatingfromflowpast a body but also to the syiral -
vorticesfrompropel].erbl.m%s,end so forth. Thesevortices
thereforecannotbe sourcesof sonnd..

For the acousticalpowerin the vortexsoundfrom rotating
rods of constantsection,StoweU and Demingfoundexperimentally
the expression

Con,.t+7*’5w= . L

where L is the rod length.

E. A. NepomniyashchiprOpOSedto applythe lawsof similitude
of aerodynamicar~dacousticalquantitiesin vortexnoise. He ound

$theoreticall~:that the acoustice.1powerfollows W = const.V .
In thisformulano accountis takenof the fact thatwith variable
velocitythe motionof the aj,rchangesthe -ratioof the Wve length

‘Theeffectof the changein a concentratedYorce F according
to a harmoniclaw with circularfrequency u is equivalentto that

from an acousticdipoleof strength -& (reference9) .

2For maintenanceof geometricaland kinematicsimilitudeat
similarpointsthereis theEuler criterion

Eu=~ = Const.; W = const.(Ap)2 = Const.v4
Pv

See the paperby E, A. Nepomniyashchi(reference7).
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(proportionalto veloc3.ty)to the dimensionsof the radiator
(practicallyconstantwith velocitychange,so that the geometrical
flow patternchangesslowlyover a wide rangeof Reynolds’number).

One must proposea differentformulafor the acousticalpower
in vortexnoise to takeaccountof the circumstancesindicated.

Let a normalK&m& vortexstreetbe generatedbehindcertain
elementsof a rod. The complexvelocitya~
the comp}explane,fixedin relationto the
the K&man formula

an “arbitrarypointin
flow,is determinedby

m. cosh~
v Al

L
=.—

2 %2
Cos7-” +isinh$

where

r absoltite

h distance

1 distance

V8.lWOf circulationof’ .&I indfv~aual v~fiex

betweenthe rowsof vortices

betweenthe vorticesin a row

z complexcoordinateof a pointin fluid

For a stable“chessboard”alinementof a vortexstreet,

h-= 0.2&)6= const.‘2

Potentialflow
vortexcores.

‘byBernoulli’s

expression

existsfor the wholeregionof z exceptfor the
The pressuredifference&p betweenmy two points

Theoremwillbe proportionalto ~ sincethe

2’RZ
-i- + i sinh~

- .

COB

is constantfor a fixed z.
of a variableharmonicforce

One may supposethatthe amplitude F
actingupon the mediumand resulting
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in the appearanceof vortexsound;is proportlmal.to the product
*-) of the”p“ressure“differenceAp and a certainarea St, which,%n
~, turn,is proportionalto a characteristicarea of the givenbody:

The form drag

..

q? pfJ1=f’(;)’
F =klApS’=k2~2S’

1

where ~ is a certainconstant,the samefor all

oimilarbodieswith the samekinematicflowpattern.

per unit length,accordingto K&&n, is

where

v the flowvelocityat a greatMstance from

(3)

the body

u the relativevelocityof the vortexstreet

On the otherhand,accordingto the knownformulaof experi-
mental.aerodynamics,

2
P =“ca ~k3ho (Sa)

The coefficientCa representse.co6fflcientof form drag of the
g~.venrod.sect3.onreferredto ho, the jrojectfonOf the rod

widthon ihc planepe~.endicularto the directionof fU.mJ./’
From (~)and (:;a)one may findan expressionfor the c~rculation
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The velocityof a stableVortexstreetis,.

By ~ubsti.tuting(4) in (2)and expanding
powerseries,we obtainan appr~i~tion

?y =M6CJ)V%%

NACA TMNO. 1136

the righthand sidein a
for small Ca:

(5) 3

that is, the amplitudeof the forceactingon the mediumis
proportionalto the fo~ d~g.

As is well known,tlieacousticalyowerof a diyoleis determined
hy the formula

where

A strengthof dipole

k wavenumiber

c velocityof sound

The appliedforce F is equivalentto a dipoleof strength

Sti%stitutionof this expressionin (6) gives

Tp 4 4 2-?w=
“7k:hvc~s’

(6)

(’7)

3
In the opinionof the ‘translatorit is believedthat Ca in

equation(5), and su%saquentequations,shouldbe replacedby Ca2.

. . —-. ,. ,. —..,,,. , ,, .,-, ,,,,,,. , .,,, .,.,,, ,,, .(, , , ,.,,, — ,1 I EIIEI ■ lllll mill-mill I mml -11111 Ill 1111 Ill I I I I 1 Ill Ill I m
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The Strouhalnuniber

.

From (7) and (8) we., .+”.

(!!3)

find
... . .-,.

~h2 [C (Sh)]2%6w=ok[~c~~.-a - . . .

L$%L$A4.A*.-.. - ; . .
This formulaapplies.in the case~wherethe indi~idl~alTed.’

elementsare incoherentradiators.Thts“conitltion,it ?%ez!+s,1~:’‘“
alreadyrealizedfor ro&ttingrods. (V then s@n&f’ie6the tip. ,.
speed, Ca and. (Sh) refer*O a certainmean.radius,) It is
also assume~that the Crosi-seirtionaldiameters kh~ vc&i++l :
B* arisenwi&M wave len~thof the radiated‘vorte%sound.”

In spiteof the @alitative characterof.there~t~.onso}taf.ned,
one may drawa seriesof interestingconcltieions: ,.

.. .
. . .,.

~(1)With Ca and (Sh) iniiependentof velocity(?~owfor a .~
sufficientlyhighReynoldsnuniserwith a-f+ ed.yoint of breakawa~);

ethe acoustical-poweris propotiiotilto V . when this conditionis
not maintained,the exponentof the powermust be tessthan6, since
for most regimes Ca decreaseswith increasingve~ocity;,this
probablyaccountsf?r the ‘j,5,,poweroM&ve&in the testsof. . ~
Stovelland Demin.g’.. : .’.:‘: ‘ . . .:

(2)The smal~e~th; form dra~ coefficientCa (ormore‘ “:
exactly,the product Ca(Sh)),the lessthe vortexflollpa, :

..!.

. (3). l?o~ incr&@&~ rdd dimensions,the acoustical.po~~er&’ <
the vortex$ound.increasesin proportionto the squareof the’-
lineardimensionsof the rod (fora giventip speed)..... .

.’

,, ,... .: ...$ .. . ‘,’m-
,., ,

,....,....

., :,.. ... .. . :: . ..-. ... . . . .., . . .. :

,.,. . . . . -—------ . . . ,.-. ---~ ---
.,,
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3s EXI?ERIMENTALVERIFICATION ‘

The vortexnoisefrom rotatingrodswas stndie’dwith equipment
installedina sufficientlykrge room (8.5x 18,5x 7.5m). The
test rods (intwo pieces)were fastened’toa woodenhub of 3%3mi.lli.-
metersdiamete~,whoseshaf%was installedin a practicallynoiseless
sleevehearing. A constantcurrentmotor enclosedin a sound-

.isolatingbox servedto regulatethe rotationalspeed$ The connection
of the motorwith the shaftwas by means of a special.noiselessCardan
joint.

The soundpressurelevelin db was measured~~th an objective’ “
GeneralRadio soundmeter. The frequencyspectrulnwas determined.
with the help of,~waveanalyzerwitha quartzfilter,madeby the
samefirm, Measurementshoweda straight-linefrequencycharacteristic
for the soundmeter. A piezoelectricmic~ophonewas placedexactly
on the axis of rotationat a distanceof 1000millimetersfrom the
@ane of rotation. Measurementshowedthatat thisdistancethe
predominatingquantityis the directsound,whichmasks the reflected
sound● Sound-@essure measurementswere repeatedat appreciable
distancesfrom the sourcein a diffusesound$ield;no qualitative’
changein the patternwas olmerved. The background.levelfor all
measurementswas not lessthan 10 to 20,dblowerthan the sound&o
be measured.

,,
Tests-weremade with circularrods of differentdiametersand

lengths,withwoodenbladeshaving”wingprefiles (blade”pdofile,
the CAHI axialf~ series“U” (reference10), with rectangular
aluminumplatesof &if$erenttidths,and withhollowduraluminum
rods of egg-shapedsectionused in aircraftconstruction.(See’
fig. 1.) In the lattercasessoundmeasurementsweremade at
differentbl.ade,angles.

1’

b To clarifythe effectof the materialpropertiesof the rods
on the vortexsound,the hollowrods ($fl,fig. 1) were testedwhile
filledwith cotton-wool(IC2)and samd (K3). No differenceswere
observed.

. .

5
For the testsOf bladesandplates with different~gles of

4$

>;. attack,the microphonewas placedon the intakesideof the air>

~+i@>,~ outsidethe ~ke.
:/ $P~$”~+.J’
~~:.$d (

The dependenceof the ‘soundpressure’level in db abovethe

)! d thresh~ldof 10-9
erg

3C
;’ )

on the tip speedis, for certainrods,
cm2 sec

givenin figure2. The curves W = cons&Q6 S@ W e const.~5*5
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ere dram on the figure, It is ~een’f~onrthefigurethatthe vortex
soundl.~more intense~er t fficientof fo~ d= emd

e rods. For flowwitha fixed,pointof break.
away W = const. but for angleiok”atticklessth& the -
criticalthereis qufficientw-goodagreement with the rektion” .
11= ~~n~t, ~’5*5-*“ “’ “..:

.
Measurerne~tsof’the sound,Qr~~sure’levelexcitedly a rotating. .

machine(diameter4 m,
)

tip speedup to 200 & from one of the
.. .,

6 to 595 forCAHI laboratoriesprokded confi&tion of the-”hw W“ V.
high speeds. Ve alsoo’btainedthesatiresultson a ?eriesOf-faqp
of the axialend centrifugaltcypes.

..

., , .-.

~igure3 showsthe dependenceof the intensitylevelof vortex”-
soundfromMade 1.2(fig.l).on the bladeangle; Zt is seen’from
the figurethatthe intensityof the
correspondwith the- coefficient=e
bladean@e is %ncrea@i (whichin ves rise to increas3
in the angleof attack). Analogousresultswere obtainedfor
the %“ %lades (IA)and for the widealuminumMades (L2).‘

J 4
e acousticalm~

to

,

vortex80~a and tests dete
tiesas a resul%of

rotationsoundfrom the vortexsouq$.

TranslatedbyDr.
NationalAdvisoqy
for Aeronautics

.

E. Z, Stowell
Comlnittee

.

8
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(b)

t

TT-[,+
175

t.,,

,,.-1 -—-\)-- -,
IQ

(c) (L2

(a)

(a) Circularrods

No Material ho—“ L

K1 hollow duralurnhmm tube 32 mm 800 mm
K2 same with cotton-wool INSIPC%ti3z 800
K3 same with sand }A H~LLO WI Tu*~ 32 800
K4 wooden rod 15 175
K5 same 58 175

(b) Duraluminum rods with wing profiles
(aviation st~dard 1 SS)

(c) Blades and plates .

No.— Blade type

L1 Wood, type “U” 87 mm 12 mm
L2 Aluminum plate 65 2

Figure 1.- Test rods, blades and plates.

I -—-------- -.:... --- .—---..-. . . .–
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